Moreover, the phenomenon of cell to cell communication is also observed in the marine bioluminescent bacterium Vibrio fischeri. It was earlier observed in 1970 by Nealson and his colleagues that bioluminescence occurred only at a threshold bacterial population density, and spent culture supernatants induced luminescence at low bacterial population density [24] . It was attributed to the presence of AIs, which was later identified as N-(3-oxohexanoyl)homoserine lactone . This belongs to the AHL family of molecules. Similar phenomenon was observed in the terrestrial plant pathogen Erwinia carotovora employed in the production of the β-lactam antibiotic 1-carbapen-2-em-3-carboxylic acid (carbapenem) [20] . Fig. 1 : Molecules used by bacteria as quorum sensing signals [5, 8, 19] (1) 3-Oxo-AHL, N-(3-oxoacyl)-homoserine lactone, (2) 3-hydroxy-AHL, N-(3-hydoxyacyl)-homoserine lactone and (3) AHL, N-acylhomoserine lactone, where R ranges from C1 to C15, (4) A-factor, 2-isocapryloyl-3-hydroxy-methyl-g-butyrolactone, (5) autoinducer-2 (AI-2), furanosyl borate ester form (6) Pseudomonas quinolone signal (PQS), 2-heptyl-3-hydroxy-4 (1H)-quinolone, (7) diffusible factor (DSF), methyl dodecenoic acid (8) hydroxyl-palmitic acid methyl ester (PAME)
In general, all known QS systems follow the below feed forward algorithm; production and concentration of AIs at high cell density→detection of AIs by receptors present in cytoplasm and cell membrane→activation of genes necessary for co-operative behaviour and further enhancement of production of AIs [25] . Virulence of P. aeruginosa is regulated by QS to overcome activation of the host's immunity, by deleting the production of virulence factors until the bacteria population raises sufficient enough to cause infection [26] .
QS allows bacteria to show a unified response that benefits the population. Bacterial QS approaches amplify access to nutrients and more convenient environmental slots, and they elevate action against competing bacteria and environmental strains. The cellular processes regulated by QS are symbiosis, transfer of conjugative plasmids, sporulation, antimicrobial peptide synthesis, regulation of virulence, and biofilm formation [27] .
It has been well documented that in few bacteria, the biofilm formation is a cautiously engineered process managed by QS. The use of mutant gene of bacterial strains involved in the formation of signalling molecules and the perusal of differential gene expression in biofilms are unveiling information on the molecular mechanisms of biofilm development and the involvement of QS. Where it has been observed that most researchers support the role of QS in biofilm development, few studies oppose the role of QS involvement in the formation of biofilms. Additionally the understanding of chemical structures of various types of signalling molecules permits the spotting out of scaffolds that can be applied to regulate QSassociated processes, comprising biofilm formation. Further research is required to gain knowledge about mechanistic work frame of QS in biofilms and influence the virulence and antimicrobial resistance of biofilm communities by cell-to-cell signalling. The investigational data is important to identify possible targets and to design strategies and pharmacophores that may control biofilm formation [28] .
In Gram-negative bacteria P. aeruginosa, two QS circuits LuxI/LuxR are arranged in tandem, along with the PQS controls biofilm formation and virulence expression [24] .
The biofilm concept:
Biofilms are a highly organised and structured collection of bacterial cells belonging either to a single or mixed species enclosed in a polysaccharide matrix secreted by the bacteria [22, 28, 29] . These could be linked in nature to ant nests or beehives [18] . Oral cavities, wounds, burnt, damaged tissues, medical devices are among many places where biofilms can exist [30] . The protective polysaccharide matrix renders the biofilms highly resistant to host immune responses and other antimicrobial agents [31] . The existence of dormant cells, phenotypic variation, QS system, multidrug efflux pumps, limited agent penetration and increased production of matrix polysaccharide alginate are several hypotheses, which brought forward to explain for such resistance [24, [31] [32] [33] . The direction of growth in a biofilm could be horizontal, vertical or both. Horizontal growth occurs when there is availability of substratum for growth or when the bacteria are forced to do so due to scarcity of nutrients or for new carbon or nutrient source. Vertical growth is the result of physical barriers or when the bacteria have utilised the available substratum. Differential combination of horizontal and vertical biofilm growth results in different structures such as mushroom, tower and channels [4, 34] . Different gradients of chemicals, nutrients and oxygen in these biofilms forces the micro-organisms to undergo genotypic and phenotypic adaptations [22] .
Biofilm formation is synchronized by various genetic and environmental factors. Genetic studies reveal that bacterial mobility, cell membrane proteins, extracellular polysaccharides and signalling molecules play remarkable roles in biofilm formation. Bacterial mobility is empowered by two types of protein growths on the cell surface, flagella and fimbriae. Flagella are long, spiral growths that empower bacteria to float in liquid phase, and fimbriae are short, straight growths that empower little, jerking movements of bacteria on substrate surface [26, 35] .
Detailed studies of Pseudomonas aeruginosa revealed that both kinds of bacterial mobility are required for biofilm formation. Bacterial mobility empowered by flagella is required for developing the connection between the bacteria and the surface, where the mobility empowered by fimbriae is required for the development of microcolonies. The stable connection between bacteria and substrate surface is regulated by specific cell membrane proteins, known as adhesions. It has been observed that in the inhibition of adhesion activity, biofilm formation is also inhibited. The extracellular polysaccharide matrix (EPS) has an important role in biofilm formation. Molecular studies on bacteria P. aeruginosa revealed that activation of genes required for EPS after establishing stable connection between bacteria and substrate surface. Whereas few studies conducted on other bacteria showed that the bacteria lose ability to form biofilm if the responsible genes for synthesis of EPS matrix are inactivated [36] . Interactive communication through signalling molecules empowers bacteria to organize into a community to functionalize the biofilm as a multicellular organism. Various signals from environment, like presence of certain nutrients, availability of oxygen, temperature and pH, take part in synchronizing of a biofilm formation. The EPS matrix provides protection to biofilm cells from several negative environmental stresses, like UV radiation, sudden changes in pH values. Between micro-colonies, there are passages through which water flows. These water passages function in a biofilm as a circulatory system diffusing nutrients to micro-colonies and collecting harmful metabolites. Moreover, studies reveal the effect of different glucose concentration on biofilm and show at high glucose concentration, micro colonies grow fast and accordingly biofilm thickness increases remarkably, whereas at decreased concentration of glucose, biofilm mass is diminished to restore former structure [37] .
The formation of biofilms is a step-wise process ( fig. 2 ). The process starts with the adhesion of microorganisms to a surface. This is followed by active division and colonialization. The next step is the co-adhesion of the microorganisms, which could be intra or inter species as a biofilm may contain several types of bacteria. It is then followed by growth and maturation. Finally, some of the bacteria are detached from the biofilm and the process continues. In each phase of biofilm formation, bacteria cells are physiologically different from cells of other phase. In the mature biofilm, all phases can exist concomitantly. It has been observed that in P. aeruginosa biofilm maturation involves various phases, which can be differentiated as adsorption, attachment, maturation and dispersion. The threshold of the event biofilm formation is interaction between substrate surface and planktonic bacteria, which is known as reversible adsorption due to bacterial attaching property to the substrate surface, but it stands only for a hasty period and then gets detached immediately. In the next phase, irreversible attachment takes place, where bacteria stick firmly to the surface of substrate and lose their mobility. Afterwards bacterial cells attach to each other and to the surface of substrate to start forming bacterial micro-colonies. Ones the attachment and formation of micocolonies is over, there is a next phase known as maturation of biofilm formation. In this phase EPS is synthesized [38, 39] . Different studies on comparison of cells in maturation phase and planktonic cells reveal remarkable difference in protein structures, which further propel the knowledge in the domain of biofilm formation with the conclusion of great physiological difference between biofilm bacteria and planktonic bacteria. The last phase in the development of biofilm formation is dispersion. In this particular phase, the structure of microcolony changes from the bacteria cells located in their central part retrieve their mobility and detach from the formerly formed structure. The phase dispersion mostly takes place to permit bacterial cells better access to nutrients. During this particular phase, water passages form between micro-colonies. Protein expression in this phase is similar to protein expression in planktonic cells, which further proves that some bacteria return into planktonic stage [38, 39] .
There is emerging evidence that the expression of genes required in the various stages is well regulated [20] and can be represented as follows, stage 1-the bacterial cells attach reversibly to the surface; stage 2-the cells attach irreversibly; stage 3-the first maturation phase is reached, as indicated by early development of biofilm architecture; stage 4-fully mature biofilms and stage 5-dispersion stage [40] .
The infection caused by P. aeruginosa is hard to eradicate due to development of strong resistance to the traditional antibiotics. Which is further intensified by the potentiality of the pathogen to develop biofilm architecture and provides bacterial cells a shielded environment resist diverse stresses including conventional antibiotics. QS plays an important role in synchronizing of the bacterial virulence and biofilm development. The QS network is decorated in a multilayered hierarchy of approx. four interconnected signalling mechanisms. The genes those are being involved in integrated quorum sensing signal (IQS) synthesis, are non-ribosomal peptide synthase gene cluster ambBCDE, and it has been observed that when it is interrupted, it caused a reduction in the production of PQS and N-butyryl homoserine lactone signals, in addition the virulence factors such as pyocyanin, rhamnolipids and elastase. Distortion of either LasR or LasI completely dissolves the expression of ambBCDE along with the production of IQS. Literature survey in this particular field is providing knowledge that the QS regulatory network not only reacts to bacterial population changes but also could respond to environmental stress signals. This QS mechanism could be a favourable target for flourishing new approaches against P. aeruginosa infection in the development of novel antiQS therapeutics [41, 42] .
The QS circuit in P. aeruginosa and virulence expression:
The QS communication system in P. aeruginosa consists of the Las and Rhl systems [27, 28] . Both the systems essentially consist of two pairs of genes, LasI, LasR, and RhlI, RhlR [29] . Both the 'I' genes encode for the synthetases LasI and RhlI, respectively [43, 44] . These synthetases direct the synthesis of freely diffusible acyl homoserine lactones (AHL's) by catalysing a reaction between S-adenosyl methionine (SAM) and an acyl carrier protein (ACP) [19, 45] . In the las system LasI directs the synthesis of 3-oxo-dodecanoyl-homoserine lactone (3OC12HSL) while in the Rhl system RhlI directs the synthesis of butyl homoserine lactone (C4HSL) [46] [47] [48] . On the other hand both the R genes viz. LasR and RhlR encode for the synthesis of cytoplasmic transcription factors LasR and RhlR [43, 44] . At high concentrations, AHLs bind to their respective cytoplasmic transcription factors, thus stabilising them. This allows to fold, bind DNA and activate the target genes [19, 43, 44] . This leads to the expression of virulence factors including elastase, protease, rhamnolipids, Las A protease, exotoxin A, hydrogen cyanide, pyocyanin, and siderophores [3, 21, 43] another activity shown by AHL bound LasR type transcription factor is the activation of genes encoding the synthesis of synthetases synthesizing AHL's. This forms a feed forward auto induction loop as mentioned earlier [19] . In P. aeruginosa the two QS systems are arranged in tandem with the Las QS system on top, thus exerting transcriptional control over Rhl QS system. Fig. 3 represents few AIs and antagonists of P. aeruginosa. P. aeruginosa has a third QS system called the PQS, which is intertwined between the first two QS systems [49] . Chemically, PQS is 2-heptyl-3-hydroxy-4quinolone, the synthesis of which is directed by PqsA, PqsB, PqsC, PqsD, and PqsH through the synthetases PqsA, PqsB, PqsC, PqsD, and PqsH. This signal is detected by the regulator PqsR, whose synthesis is directed by pqsR [19] . Now, LasR-3OC12HSL activates the expression of PqsR and PqsH, while RhlR-C4HSL represses the expression of PqsR and PqsA, PqsB, PqsC, PqsD. The PQS, when binds to the cytoplasmic transcription factor PqsR causes autoinduction of PQS synthesis and expression of RhlI and RhlR genes [19, 20] , fig. 4 represents the QS circuitry in P. aeruginosa.
AI synthetases LasI, RhlI, and PqsABCDH synthesize the AIs 3OC12HSL, C4HSL and PQS, respectively. These SIs are detected and bound by the cytoplasmic transcription factors LasR, RhlR, PqsR respectively, which in turn regulates the expression of genes responsible for the production of virulence factors and further synthesis of AIs [50] .
Quorum sensing inhibitors (QSIs):
QSI are the agents which can act at different levels of the QS circuit and interfere with bacterial QS. In designing a QSI, following three components of the QS pathway can be targeted [38, 48, 51, 52] .
The signal generator (the LuxI homologue) and blockage of signal generation:
This is the least investigated strategy of QSI. A few substrates namely, butyl-SAM, S-adenosylhomocystine, holo-ACP, and sinefungin have been found to block the production of AHL's in vitro. However, these compounds have not been investigated in vivo in bacteria and their mode of action is not known at present [52] .
The signal molecule:
Inhibition of QS circuit can be achieved by identifying and modulating quorum-quenching enzymes which can degrade bacterial QS molecules. Till date, three such classes of enzymes have been reported-lactonases, acylases, and oxido-reductases. Lactonases belong to the family of metallo β-lactamases or phosphotriesterases, which causes lactonolysis of the AHL lactone ring leading to an inactive product [38] . However, the reaction is reversible under low pH conditions. Acylases are the members of the N-terminal nucleophile hydrolase super family, which breakdown the amide bond of the AHLs releasing the homoserine lactone and an acyl moiety. The oxido-reductases as the name suggests are Fig. 3: Autoinducers (1-3) and their antagonists (4-10) in P. aeruginosa [19] (1) 3-Oxo-dodecanoic acid (2-oxo-tetrahydro-furan-3-yl)-amide, (2) N-(2-oxo-tetrahydro-furan-3-yl)-butyramide, (3) , (9) N-nonyl-3-oxo-3-phenyl-propionamide and (10) N-(2-amino-{3-chloro-benzoyl}phenyl) [52, 53] . These are more recent development targeting bacterial communication system. These antibodies bind to the signal molecules thus eliciting immune response, which renders the signal inactive [51] .
The signal receptor:
This is one of the attractive ways to inhibit the bacterial QS system which can be achieved by using natural and synthetic signal mimics. These bind to the transcriptional promoters thus interfering with the bacterial signalling system. One of the best studied example of signal mimicry are the halogenated furanone compounds from the Australian marine macro alga Delisea pulchra [53] . These compounds interfere with the binding of AHL to the LuxR homologue causing rapid turnover of these proteins [53] . Thus, little amount of LuxR is left to interact with the signal molecules and act as a transcriptional regulator. However, these compounds are not very active against P. aeruginosa QS system which can be inhibited by the synthetic furanones [52] .
QSI's from different sources are mentioned in Fig. 5 , which include halogenated furanone form the marine macroalga D. Pulchera, synthetic furanone C-30, synthetic furanone C-56, patulin (from Penicillium coprobium), catechin (from Combretum albifloram), iberin (from Armoracia rusticana) and L-canavinine (from Medicago sativa).
Synthetic QSIs:
A team of researchers were involved in synthesizing a series of novel QSIs through the laboratory exercise to get better result on inhibition of biofilm formation by infectious microorganisms [10] . The synthetic halogenated furanone was reported for its effect on the architecture of the biofilm and enhancement property in the process of bacterial detachment, leading to a loss of bacterial biomass from targeted layer. This furanone compound is capable of interfering with AHLmediated QS in P. aeruginosa, which is a derivative of secondary metabolites produced by the Australian macroalga Delisea pulchra [54] . In the literature, C30 and C56 synthetic furanone compounds were reported for their interference with N-acyl homoserine lactone and suppression of bacterial QS in lungs. Moreover, the synthesized compound N-decanoyl cyclopentyl amide was also reported for its potent inhibitory activity against QS in P. aeruginosa [7] .
Natural QSIs:
The fact that plants and microorganisms have coexisted for millions of years and accordingly plants may have devised some mechanisms to combat microbial virulence led to the search of QSIs from plants and other natural sources. Following is a brief account of some such QSIs from natural sources [55] .
Penicillium species:
Two active secondary metabolites penicillic acid (from P. radicicola) and patulin (from P. coprobium) were identified as QSIs. It is reported that patulin targets 45 % and penicillic acid targets 60 % of the QS genes in P. aeruginosa indicating that these compounds target the LasR and RhlR QS regulators [56] .
Flavonoids from Combretum albifloram bark:
C. albifloram belongs to the Combretaceae family, the members of which are used in traditional medicine for bacterial infections. Various species of the genus Combretum are known to produce a wide variety of secondary metabolites including tannins, flavonoids, terpenoids, and stilbenoids. Screening of extracts from C. albifloram is reported to reduce the production of virulence factors which are controlled by QS. During research flavonoid, flavan-3-ol-catechinwas identified for their QSI activities. Catechin is reported to down regulate several QS regulated genes like LasI, LasR, RhlI, RhlR [57] .
Iberin from Horseradish (Armoracia rusticana):
Iberin is anisothiocyanate, produced by A. rusticana, a member of the Brassicaceae family. Chemically, iberin is 1-isothiocyanato-3-(methyl-sulfinyl) propane. It was revealed by DNA microarray analysis that iberin specifically and effectively targets the LasIR and RhlIR QS networks and down regulate the QS controlled production of rhamnolipid, a virulence factor expressed by P. aeruginosa which destroys the polymorphonuclear leucocytes, the first line of defence in the host [58, 59] .
South Florida medicinal plants:
In a study, extracts from six South Frorida plants namely Conocarpus erectus (family-Combretaceae), Chamaesyce hypericifolia (family-Euphorbiaceae), Callistemon viminalis (family-Myrtaceae), Bucida buceras (family-Combretaceae), Tetrazygia bicolour (family-Melastomataceae), Quercus virginiana (family-Fagaceae) were found to inhibit QS controlled factors like LasA protease, LasB elastase, and pyoverdin. The extracts also caused reduction in the expression of LasI, LasR, RhlI, and RhlR genes in P. aeruginosa and reduction in the production of signal molecules. However, the extracts had marginal effects on bacterial growth, indicating that the quorum quenching activity is not related to bacteriostatic or bacteriocidal effect [60, 61] .
Herbs from traditional Chinese medicine (TCM):
The growth of TCM herbs along with QS bacteria led to the postulation that these plants may have evolved to produce QSIs to reduce the pathogenicity of bacteria. Six compounds namely rhein (from Rheum palmatum L.), chrysophanol (from Rheum officinale Baill.), nodakenetin (from Peucedanum decursivum Maxim), shikonin (from Lithospermum erythrorhizon Sieb.), emodin (from Rheum palmatum L.), fraxin (from Fraxinus chinensis Roxb.) found in TCM were identified as potential QSIs and studied for activity in P. aeruginosa, Stenotrophomonas maltophila and Escherichia coli. It was found that among these compounds emodin significantly inhibited biofilm formation in P. aeruginosa and caused proteolysis of an AHL binding protein. Emodin also caused increased activity of ampicillin against P. aeruginosa [12, 62, 63] .
L-Canavinine from alfalfa (Medicagosativa):
It was reported that L-Canavinine from the seeds of alfalfa (Medicago sativa) inhibited the production of violacein in Chromobacterium violaceum, which is a QS regulated process with AHL as the QS signal. It was also reported to inhibit the QS regulated production of exopolysaccaride EPS II in the symbiotic bacteria Sinorhizobium meliloti [19, 64] .
Increasing resistance of bacteria towards antibiotics is a major challenge today before the health care professionals and medicinal chemists. Biofilm mode of growth of bacteria provides them extra safety and tolerance as compared to planktonic lifestyle, which is a severe problem in medicine and industry. It is very difficult to eradicate the bacteria in biofilm mode of growth even with the most advanced antibiotics. Under such conditions, inhibition of bacterial QS system offers an attractive way to check bacteria in fields like medicine, industry and agriculture. Inhibition of bacterial QS system can be achieved by targeting the QS signal generator, the signal, or the signal receptor. The coexistence of bacteria with plants and other microbes provides a clue to search for QSIs among them. Traditional herbal medicine is a vast field, which can be explored for the QSIs and till date has provided a number of QSIs. Another advantage of bacterial QSI is that it renders the bacteria more prone to antibiotics. So, treatment of bacterial infection by antibiotics along with QSIs remains a vast field of research. 
